Background The incidence of venous thromboembolism (VTE) among patients undergoing hepatic surgery is poorly defined, leading to varied use of VTE prophylaxis among surgeons. We sought to define the incidence of VTE after liver surgery and identify risk factors associated with VTE. Methods Incidence of VTE and associated risk factors within 90 days of hepatic resection between 2006 and 2012 at a major academic center was analyzed. Risk factors for VTE were identified using univariate and multivariate analyses. Results A total of 599 patients were included in the study cohort; 30 (5.0 %) had a prior history of VTE. The indications for surgery were malignant (90.8 %) and benign lesions (9.2 %). The majority of patients underwent a minor hepatectomy (<3 Couinaud segments; n =402, 67.1 %) while 195 (32.6 %) patients underwent a major hepatectomy (≥3 Couinaud segments). Three hundred seven (51.3 %) patients were started on VTE chemoprophylaxis preoperatively with 407 (67.8 %) patients receiving VTE chemoprophylaxis within 24 h of surgery. Twenty-eight (4.7 %) patients developed VTE; 20 (3.3 %) had deep venous thrombosis (DVT), 11 (1.8 %) had pulmonary embolism (PE), and three (0.5 %) developed both DVT and PE. Among the VTE patients, 23 (82.1 %) had received VTE chemoprophylaxis. On multivariate analyses, history of VTE (odds ratio [OR] 4.51, 95 % confidence interval [CI] 1.81-17.22, P =0.03), prolonged operative time (OR 1.17 per additional hour, 95 % CI 1.04-1.32, P =0.009), and increased length of stay (LOS) (OR 1.07, 95 % CI 1.02-1.12, P =0.01) were independent risk factors for VTE. Conclusion VTE within 90 days of hepatic resection is common, occurring in nearly one in 20 patients. Most VTE events occurred among patients who received current best practice prophylaxis for VTE. More aggressive strategies to identify and reduce the risk of VTE in patients at highest risk of VTE, including those with a history of VTE, extended operative time, and prolonged LOS, are warranted.
Introduction
The incidence of deep vein thrombosis (DVT) and pulmonary embolism (PE) has been reported to range from 20-30 % among surgical patients without the administration of chemical and mechanical prophylaxis. 1 Chemoprophylaxis with unfractionated or low-molecular weight can reduce the incidence of DVT and PE by about 75 % among general surgery patients.
1 , 2 Because of its efficacy in preventing venous thromboembolism (VTE), the American College of Chest Physicians (ACCP) has issued evidenced-based recommendations for the use of chemoprophylaxis over no prophylaxis in surgical patients of moderate-to-high risk for developing VTE. Indeed, most patients undergoing liver resection would be considered moderate-to-high risk based on the widely used and externally validated Caprini risk scoring system. 3 As patients undergoing liver resection are at moderate perioperative bleeding risk, the ACCP has issued recommendations for the prompt institution of chemoprophylaxis once the risk of bleeding is diminished. 4 However, due to the paucity of data on the subject, this recommendation is only grade 2C (i.e., weak, based on low-quality evidence).
Practice guidelines regarding prophylaxis for patients undergoing liver resection are, at best, mixed due to a lack of data on VTE incidence as well as VTE-related outcomes after hepatectomy. Surgeons are often weary of the potential for post-operative hemorrhage following hepatectomy. Furthermore, patients undergoing a major hepatectomy are sometimes at risk for post-operative liver insufficiency, leading to the concern that these patients are already "self" or "auto" anti-coagulated. This belief is often supported by the resulting laboratory derangements in measurable liver function, including elevations in the prothombin time/international normalized ratio (PT/INR) and partial thromboplastin time (PTT), as well as occasional thrombocytopenia. In turn, some surgeons delay or completely withhold the administration of VTE prophylaxis, particularly chemoprophylaxis, after liver resection.
Given the paucity of data, lack of clear recommendations, and perceived heterogeneity in practice patterns among liver surgeons, we sought to define the incidence and risk factors associated with the highest likelihood of a VTE event after liver surgery. In addition, our objective was to determine the relative effectiveness of thromboprophylaxis in reducing clinically significant VTE in patients, as well as characterize the incidence of complications possibly attributable to chemoprophylaxis.
Methods

Patient and Data Collection
Patients undergoing planned hepatectomy for benign and malignant disease at Johns Hopkins Hospital were identified between 1990 and 2012. Standard demographic and clinicopathologic data were collected including age, sex, race, American Society of Anesthesiologists (ASA) status, Model for End-Stage Liver Disease (MELD) score, history of previous VTE, and presence or absence of a hypercoagulable state. Laboratory values including total serum bilirubin, albumin, PT/INR, PTT, hematocrit, and serum creatinine were recorded for all patients preoperatively as well as 1, 2, and 3 days after surgery. Operative details, such as type of liver resection, number of concurrent ablations, estimated intraoperative blood loss, operative time, and requirement for transfusion were recorded. Use of chemical and mechanical prophylaxis before, during, and after surgery was recorded. The type, administration and timing of VTE prophylaxis was left to the discretion of the attending surgeon. For patients who did not receive chemoprophylaxis within 24 h post-operatively, the first post-operative day of chemoprophylaxis was recorded, if applicable. Highest-grade morbidity was recorded and classified according to the Clavien-Dindo classification system. 5 Perioperative mortality was defined as death in the hospital or within 90 days from the date of surgery. 6 DVT and PE within 90 days of surgery were recorded and confirmed radiographically by duplex ultrasonography or chest computerized tomography, respectively, in patients with clinical suspicion. The study was approved by the Johns Hopkins University Institutional Review Board.
Statistical Analysis
Continuous variables were presented as the median with the interquartile range (IQR), where appropriate. Categorical variables were displayed as whole numbers and percentages. Baseline characteristics of the study population were summarized according to administration of prophylaxis. Comparative analyses of continuous variables were performed using Wilcoxon test for parametric and nonparametric data and oneway analysis of variance (ANOVA), as appropriate. Fisher's exact test or Chi-square test was used for comparing categorical variables. The most parsimonious model was created using a stepwise approach that included factors statistically significant on univariate analysis (i.e., P <0.20). For statistical analyses, P values less than 0.05 (two-tailed) were deemed significant. Odds ratios (OR) were presented with 95 % confidence intervals (CI). All analyses were carried out with STATA version 12.0 (StataCorp LP, College Station, TX, USA).
Results
Patient and Surgical Details
The study cohort consisted of 599 patients who underwent a planned hepatectomy. The median patient age was 58 years (interquartile range [IQR], 49-67). Males (49.6 %) and females (50.4 %) were evenly distributed in the cohort. The majority of patients (n =489, 81.6 %) were non-Hispanic white. Most patients (n =441, 74.1 %) were classified as ASA 3 with an ECOG performance status of 0 (n=266, 73.7 %). Thirty patients (5.0 %) were found to have a prior history of VTE ( Table 1 ). The indication for surgery was malignant disease in the overwhelming majority of patients (n =544, 90.8 %), while a subset had benign disease (n =55, 9.2 %). The most common indications for surgery were colorectal liver metastasis (n =243, 47.7 %), non-colorectal liver metastasis (n =136, 26.7 %), primary liver cancer (n =120, 23.6 %), or benign hepatic lesion (n =55, 9.2 %). The majority of patients had not received any previous liver-directed therapy (n =419, 70.0 %); about one-quarter of patients (n =128, 21.4 %) had received preoperative systemic chemotherapy. Of note, patients with malignancy as an indication for surgery were more likely to have had a prior history of VTE (OR 5.24, CI 1.41-19.17, P =0.01).
At the time of surgery, the majority of patients underwent a minor hepatectomy (less than three Couinaud segments; n = 402, 67.1 %), 195 (32.6 %) patients underwent a major hepatectomy (three or more Couinaud segments), and two patients (<1 %) underwent ablation only ( Table 2 ). Of those who underwent a minor hepatectomy, 155 (38.6 %) had a nonanatomic hepatic wedge resection with the remaining undergoing a single or bi-segmentectomy (n =247, 61.4 %). Of those who underwent a major hepatectomy, 135 (69.2 %) had a hemi-hepatectomy and 60 (31.8 %) had an extended hemi-hepatectomy. Overall, median operative time was 4.6 h (IQR 3.5-6.2) and median estimated blood loss was 500 ml (IQR 250-900).
VTE Prophylaxis Type and Administration
Nearly all patients (n =592, 98.8 %) received either mechanical and/or chemoprophylaxis during their hospitalization.
The majority of patients received chemoprophylaxis (n = 450, 75.1 %), while 142 (23.7 %) patients received only mechanical prophylaxis (i.e., sequential compression devices); seven (1.2 %) patients did not receive any type of VTE prophylaxis. Among the subset of patients receiving chemoprophylaxis, 307 (68.2 %) patients were started on chemoprophylaxis in the preoperative setting prior to surgical incision and 406 (90.2 %) patients received chemoprophylaxis within 24 h post-operatively. The overwhelming majority of patients received subcutaneous heparin either every 8 h (n = 328, 54.8 %) or 12 h (n =111, 18.6 %), while the remaining patients received lovenox (n =15, 3.3 %). Of note, in 2008 a multidisciplinary team at our institution established a specialty-specific, mandatory, computerized clinical decision support module for VTE risk stratification and prevention. This clinical support tool improved best practice VTE prophylaxis from 51.1 % to 97.8 %.
Age, sex, ASA score, pre-operative liver transaminases, bilirubin, serum albumin, INR, and hematocrit all did not differ among patients who received chemoprophylaxis versus those who did not (all P >0.05). Patients undergoing resection for malignant disease were more likely to have received chemoprophylaxis (77.4 %) than those with benign disease (60.0 %) (P =0.02). Of note, patients who were not given chemoprophylaxis were more likely to have undergone a major hepatectomy (no chemoprophylaxis: n =65, 44.9 % vs. chemoprophylaxis: n =130, 28.8 %, P <0.001). EBL (no chemoprophylaxis: 450 ml vs. chemoprophylaxis: 550 ml) and intraoperative transfusion (no chemoprophylaxis: n = 102, 23 % vs. chemoprophylaxis: n =35, 24 %) did not differ between the two groups (all P >0.05). Patients receiving chemoprophylaxis did, however, have a higher incidence of postoperative (n =94, 22.7 %) and overall (n =167, 36.8 %) red blood cell transfusion (both P <0.05). The overall incidence of any complication was higher among patients who did receive chemoprophylaxis (no chemoprophylaxis: n =22, 15.2 % vs. chemoprophylaxis: n =209, 46.0 %, P <0.001). Patients receiving chemoprophylaxis, however, only had a slightly higher incidence of severe complications (grade≥3) (no chemoprophylaxis: n =4, 2.8 % vs. chemoprophylaxis: n =35, 7.7 %, P =0.04). No patient in either group underwent reoperation secondary to bleeding. Both groups had a median length of stay (LOS) of 5 days (P >0.05).
VTE: Incidence, Outcomes and Risk Factors
Out of the entire cohort of 599 patients, 28 (4.7 %) developed VTE; 20 (3.3 %) had DVT, 11 (1.8 %) had PE, and three (0.5 %) developed both DVT and PE. Patient demographics, ASA score, prior history of VTE did not differ among those who developed a post-operative VTE and those who did not (all P >0.05) ( Table 3 ). In addition, VTE incidence did not Among patients who had data on INR available (n =495), the incidence of VTE was higher among patients who had a post-operative peak INR ≥1.5 (peak INR ≥1.5, 14.3 % vs. INR <1.5, 3.6 %; P <0.001). In contrast, among those who had data on platelet count available (n =577), the incidence of VTE was the same among patients who had a platelet count less than (7.3 %) or greater than (4.5 %) 100,000 (P =0.32). Patients on preoperative DVT prophylaxis with coumadin were uncommon (n =3); none of these patients had a preoperative hypercoaggulable state or history of previous DVT documented and none of these patients had VTE. The VTE incidence was also similar among patients undergoing surgery for a malignant (4.6 %) versus a benign (5.5 %) indication (P =0.77). In particular, among patients with an underlying malignancy, the incidence of VTE was no different among patients with hepatocellular carcinoma (HCC) (2.2 %) versus non-HCC cancers (4.8 %) (P =0.41). Of note, the incidence of VTE was higher among the 107 patients who had a liver resection with a concurrent simultaneous colon resection (simultaneous liver with concurrent colorectal procedure, 11.2 % vs. staged liver-only, 3.9 %; P =0.008).
Chemoprophylaxis was not associated with a difference in the incidence of DVT (no chemoprophylaxis: n =3, 2.1 % vs. chemoprophylaxis: n =17, 3.7 %) or PE (no chemoprophylaxis: n =3, 2.1 % vs. chemoprophylaxis: n =8, 1.8 %) (both P >0.05). Specifically, among patients who developed a VTE, 23 (82.1 %) had received VTE chemoprophylaxis within 24 h of surgery. Patients who experienced a VTE had a higher incidence of any post-operative complication (no VTE n =212, 37.1 % vs. VTE n =19, 67.9 %), as well as severe complications (no VTE, 5.3 % vs. VTE, 32.1 %) (both P <0.05). Patients who experienced a VTE also had a longer LOS (no VTE, 5 days vs. VTE, 11.5 days; P =0.005). In addition, VTE was associated with a trend toward increased 90-day mortality (no VTE, 1.9 % vs. VTE, 7.1 %; P =0.06).
On univariate analyses, several factors were associated with the risk of post-operative VTE (Table 4 ). Specifically, patient-level factors included prior history of VTE (OR 3.49, 95 % CI 1.13-10.81, P =0.03), as well as an initial lower preoperative hematocrit (OR 0.92 for each additional percent increase, 95 % CI 0.85-0.99, P =0.03) ( Table 4) . Operative factors associated with VTE risk were extent of hepatic resection (extended hemi-hepatectomy: OR 3.97, 95 % CI 1.60-9.82, P =0.003), operative time (OR 1.22 per additional hour, 95 % CI 1.09-1.37, P <0.001), overall RBC transfusion (OR 2.29, 95 % CI 1.04-5.00, P =0.04), and reoperation (OR 9.33, 95 % CI 3.07-28.39, P <0.001). LOS (OR 1.01, 95 % CI 1.00-1.02, P =0.06) and post-operative complication (OR 8.54, 95 % CI 3.56-20.50, P <0.001) were also associated with VTE risk. On multivariate analyses, after adjusting for competing risk factors, factors that remained independently associated with VTE risk included history of VTE (OR 4.51, 95 % CI 1.81-17.22, P =0.03), operative time (OR 1.17 per additional hour, 95 % CI 1.04-1.32, P =0.009), and LOS (OR 1.07, 95 % CI 1.02-1.12, P =0.01) (Figs. 1 and 2 ). Discussion VTE prophylaxis is an important surgical issue. The incidence of VTE, including DVT and PE, can be substantial among general surgery patients -especially those who do not receive appropriate prophylaxis around the time of surgery. 1 In fact, Ho et al. 7 reported an incidence of 3.0 % for DVT and 1.8 % for PE among patients undergoing colon resections. The issue of VTE prophylaxis may be even more important among patients undergoing hepatic resection. De Martino et al. 8 reported that patients undergoing hepatectomy had the highest risk of VTE among any abdominal surgical procedure; in addition, the risk of VTE was more than twice that of patients undergoing non-abdominal procedures such as breast surgery. As such, the ACCP has issued a grade IB (strong, based on moderatequality evidence) or 2C (weak, based on low quality evidence) recommendation depending on the patient's perceived risk for bleeding. 4 The risk of post-operative bleeding following hepatectomy has been reported to range from <1 % to 5 %. 
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Due to the potential for bleeding, as well as the occasional perturbations in the synthesis of coagulation factors following major hepatectomy, some surgeons avoid routine VTE prophylaxis. Despite the controversy around the routine use of VTE prophylaxis, data on hepatic resection, risk of VTE, and the impact of VTE prophylaxis on peri-operative outcomes are scarce. Turley et al. reported data from a large cohort derived from the National Surgical Quality Improvement Program (NSQIP); however, this study was significantly limited by the fact that the authors had no information on the actual use of VTE prophylaxis in the study cohort. 13 While Reddy et al. examined VTE after hepatectomy using institutional data, the study involved multiple centers with different utilization patterns of VTE prophylaxis.
14 It is interesting to note that heterogeneity with regard to VTE prophylaxis similarly existed at our own single center. Because of this variability, in 2008 a multidisciplinary team at our institution established a specialty-specific, mandatory, computerized clinical decision support module for VTE risk stratification and prevention. Interestingly, while this clinical support tool improved best practice VTE prophylaxis it did not lead to changes in VTE incidence over time. The current study is also important because we examined a large cohort of patient (n = 599) treated at a single center. More importantly, we elucidated the overall incidence of VTE following hepatic resection, identified the risk factors associated with the highest risk of VTE, and the impact of VTE chemoprophylaxis on perioperative outcomes.
Interestingly, data from even a single center demonstrate heterogeneity with regard to the utilization of VTE prophylaxis. Specifically, while the majority of patients received VTE chemoprophylaxis (75.8 %), a full one-quarter (24.2 %) of patients did not receive chemoprophylaxis around the time of hepatic resection. In the current study, we identified a number of factors that were associated with receipt of perioperative VTE chemoprophylaxis. While several factors such as age and sex did not impact the likelihood of a patient receiving chemoprophylaxis, surgical indication did influence a provider's likelihood of using chemoprophylaxis. Specifically, patients with a malignant indication for surgical resection were more likely to receive peri-operative chemoprophylaxis compared with patients who had benign disease (Table 1) . In addition, patients who underwent a major hepatectomy were 1.5 times less likely to receive chemoprophylaxis. While the reason for this may be multifactorial, the lower utilization of chemoprophylaxis after major hepatectomy is probably related to the concern over liver insufficiency and the belief that even mild liver insufficiency may induce an "autoanticoagulation", decreasing the risk of thrombotic events. Despite having alterations in platelets, PT/INR, and PTT, patients with liver insufficiency actually often have significant increased risk for venous thrombosis. 15 In fact, patients with transient liver insufficiency may actually have progressive development of hypercoagulability based on post-operative thromboelastogram analysis. 16 Barton et al. 15 demonstrated a relative hypercoagulable state after liver resection using thromboelastogram analysis despite an increase in PT and 17 -21 In the current study, we noted that nearly one in seven patients who underwent an extended hepatectomy developed a VTE (Fig. 3) . Use of prophylaxis in chronic liver disease has been shown to decrease VTE without an increase in bleeding complications. 22 As such, VTE prophylaxis should strongly be considered, even among patients undergoing major hepatic resection.
We found that patients undergoing hepatectomy were at significant risk of VTE within 90 days of surgery. Specifically, the incidence of VTE in the current study was 4.7 %, which was consistent with other published data.
23 -25 Importantly, we identified several factors that were significantly associated with the risk of VTE. Factors most strongly associated with VTE risk included prior history of VTE, prolonged operative time, and an extended LOS ( Table 4 ). The effect of LOS was most pronounced among patients whose hospitalization was greater than 8 days (Fig. 2) .
Prolonged operative time and long hospital stays likely contribute to increased venous stasis due to decreased mobility. Given the overall incidence of VTE of 5 %, according to the Caprini VTE risk calculation, the majority of patients undergoing liver resection would be considered moderate (~3 %) to high risk (~6 %) and should therefore receive routine chemoprophylaxis. The main reason why some surgeons avoid routine use of VTE chemoprophylaxis around the time of liver surgery is the concern over perioperative bleeding. The risk of nonfatal postoperative major bleeding secondary to chemoprophylaxis is a matter of debate, with several studies reporting conflicting results.
1 , 26 -29 Mita et al. 30 reported a higher rate of postoperative bleeding after gastric cancer surgery among patients receiving chemoprophylaxis (8.1 %) compared with no chemoprophylaxis (0.7 %). In contrast, Reddy et al. 14 reported that VTE chemoprophylaxis did not increase the rate of red blood cell transfusion after major hepatectomy. In the current study, while we noted a slight increase in the incidence of post-operative and overall transfusion among patients receiving chemoprophylaxis, no patient required reoperation secondary to bleeding. Taken together, the data strongly suggest that VTE chemoprophylaxis does not increase the risk of major bleeding following liver resection.
The current study had several limitations that should be considered when interpreting the data. While the current study included a relatively large number of patients (n ≈600), the number of VTE events in the cohort was relatively small (n = 28). As such, the finding that receipt of VTE chemoprophylaxis was not associated with VTE risk needs to be interpreted with caution. Given the small number of events and the fact that "only" 145 patients did not receive chemoprophylaxis, any analyses examining the impact of prophylaxis on VTE were likely underpowered. In contrast, other studies have noted that chemoprophylaxis was indeed associated with a lower incidence of VTE after hepatectomy. 14 In conclusion, VTE within 90 days of hepatic resection is common, occurring in nearly one in 20 patients. Most VTE events occurred among patients who received current best practice prophylaxis for VTE. More aggressive strategies to identify and reduce the risk of VTE in patients at highest risk of VTE, including those who have an extended operative time and LOS, are warranted. 
